Antibiotic allergies are reported by up to 1 in 4 cancer patients, almost 50% of which are considered low risk and precede the cancer diagnosis. We demonstrate the successful and safe implementation of a pilot oral penicillin challenge program for cancer patients with low-risk penicillin allergies, increasing the use of penicillin and narrow-spectrum beta-lactams post-testing.
Patient-reported antibiotic allergies (so-called antibiotic allergy labels [AALs] ) have been reported in up to 1 in 4 cancer patients and have been shown to be associated with inferior patient outcomes: increased use of restricted antimicrobials, poor guideline concordance, and higher re-admission rates [1] . In cancer patients, more than 83% of AALs can be removed via formal antibiotic allergy testing, with such "de-labeling" associated with a 10-fold increase in appropriate antibiotic prescribing [2, 3] . Unfortunately, despite the value of such programs, more than 50% of clinicians report that formal allergy testing services are either not available to them or not accessible in a timely fashion [4, 5] . There has been growing interest in the role of direct oral challenge in patients with low-risk penicillin allergies to help address the obstacles that prevent widespread access to formal skin prick testing programs. However, many of the successful published direct oral provocation papers involve multistep challenges, are restricted to pediatric patients, and exclude immunocompromised hosts [6] [7] [8] [9] . In this study, we sought to determine the safety and efficacy of a pilot antimicrobial stewardship (AMS)-led single-dose oral penicillin challenge program in adult cancer patients with low-risk penicillin allergies.
METHODS
Patients were enrolled at 2 tertiary referral centers. Austin Health is a hospital offering specialized cancer services, including allogeneic stem cell transplantation. The Peter MacCallum Cancer Centre is a tertiary referral cancer hospital treating all solid and hematological malignancies and performing autologous stem cell transplantation. Participants were enrolled prospectively between May 31, 2017, and May 31, 2018, at both centers and identified as 2 separate groups: (1) those with an active or recently treated hematological malignancy or solid tumors (study group) and (2) those without a history of hematological or oncological malignancy (control group).
Participants were opportunistically identified by Infectious Diseases and Antimicrobial Stewardship (AMS) services at both sites (inpatients) or by the outpatient AMS-led antibiotic allergy testing service. Inpatients were identified by the Infectious Diseases consult service or the AMS pharmacist from the electronic medical record (EMR). Outpatients were those seen in the conjoint multidisciplinary onsite Antibiotic Allergy Service at Austin Health and the Peter MacCallum Cancer Centre. Identified patients were reviewed for suitability, as per the criteria outlined in Figure 1 , as in-or outpatients. This service was provided by an antibiotic allergy nurse and infectious diseases physician at each site. Those reporting penicillin allergy were phenotyped utilizing the previously validated antibiotic allergy assessment tool [10] . A low-risk penicillin allergy was defined as the patient having either (1) an unknown reaction >10 years before, (2) a type A adverse drug reaction (ADR; pharmacologically predictable drug side effect or intolerance), or (3) a history of a benign childhood rash, nonurticarial rash, or maculopapular exanthem more than 10 years ago [11] . Patients with an identified low-risk penicillin allergy had this verified by an infectious diseases physician, and the oral challenge was supervised by a registered nurse working in the antibiotic allergy service.
Patients were excluded if there was (1) pregnancy, (2) cognitive impairment and where a collateral history could not be obtained, (3) history of drug-associated anaphylaxis or angioedema, (4) history of severe cutaneous adverse reactions, and (5) history of acute kidney injury or severe liver impairment associated with antibiotic therapy. Inpatients identified as low risk may also have been excluded due to hemodynamic instability ( Figure 1 ). Other data, collected using a standardized data collection tool, included patient baseline demographics, age-adjusted Charlson Comorbidity Index (CCI), cancer history (if applicable), allergy phenotype, infection history, and antibiotic usage for the 90 days before and 90 days after the oral challenge.
Based on patient primary reported allergy, and upon obtaining informed consent, all participants underwent supervised challenge with either oral penicillin VK 250 mg or amoxicillin 250 mg and were observed for the subsequent 2 hours. The choice of penicillin or amoxicillin was based upon the implicated drug. If the penicillin was "unspecified, " choice was as per the previously published protocol [2] : (1) for patients with a unspecified penicillin allergy that occurred before the advent of amoxicillin release in Australia (1972), penicillin VK challenge only was performed; (2) if penicillin allergy unspecified occurred after amoxicillin release, patient underwent sequential penicillin V then amoxicillin challenge. In patients with a documented history of delayed penicillin or amoxicillin hypersensitivity, a prolonged 5-day challenge (250 mg twice daily) with the same drug was offered. After antibiotic challenge, patient outcome was defined as (1) tolerated oral challenge with no adverse drug reaction or (2) adverse drug reaction. Patients were followed for 5 days after the oral challenge by study investigators either as an inpatient or outpatient (telephone consult), depending on the care setting.
The oral penicillin challenge program was implemented simultaneously on May 31, 2017, at both centers as a hospital clinical guideline, following approval by the local drug and therapeutics committees. Ethics approval was obtained from Austin Health (LNR/17/Austin/259) and the Peter MacCallum Cancer Centre (18/108R). Statistical analyses were performed in Stata 15.0 (StataCorp). Categorical variables were compared using chi-square tests, and continuous variables were compared with the Wilcoxon rank-sum test. A P value <.05 (2-sided) was deemed statistically significant.
RESULTS
One hundred ninety-five patients with a penicillin allergy were reviewed during the study period, 98 (50.2%) with a defined low-risk penicillin allergy. From the 98 patients, 46 patients underwent the penicillin oral challenge; 2 patients refused, and the remaining 50 met an exclusion criterion (Figure 1) . Of the 46 patients, 23 (50%) had a cancer diagnosis. The penicillin allergy preceded the cancer diagnosis in all patients. The baseline demographics of the cancer and noncancer patient cohorts are presented in Table 1 . Patients in the cancer cohort had a greater CCI (median, 4 vs 2; P = .008) and were more likely to be challenged in the outpatient setting when compared with those without a cancer diagnosis (10/23 vs 19/23; P = .01). Of those with a cancer diagnosis, 5 (21.7%) had a history of hematological malignancy, and 23 (78.2%) had a history of a solid tumor. All patients (23/23, 100%) reported an allergy to penicillin, and 9 (39%) reported both penicillin and cephalosporin allergies. In cancer patients, the predominant AAL phenotype was either unknown (11/23, 47.83%) or that of a childhood rash (7/23, 30.4%), with no significant difference in prevalence noted between cancer and noncancer patients ( Table 1 ). All patients (46/46, 100%) tolerated the oral challenge without adverse drug reactions and were subsequently de-labeled. In the 90 days preceding oral challenge, 67.4% (31/46) of patients had received antibiotics compared with 60.5% (26/46) during the 90 days postchallenge (Table 1) . Regarding antibiotic prescribing practices, there was a greater likelihood of administration of a penicillin-based antibiotic being prescribed in the 90 days postchallenge (22/26, 84.6%) when compared with the than 90 days prechallenge (1/31, 3.2%; P < .001). These differences remained significant when stratified for either narrow-spectrum beta-lactam (20/26, 76.9%, vs 7/31, 22.58%; P = .001) or beta-lactam/beta-lactamase inhibitor combination penicillins (13/26, 50%, vs 1/31, 3.2%; P = .0001) ( Table 1) . There was a noted reduction in third-and fourth-generation cephalosporin usage post-testing (2/23, 8.7%, vs 16/23, 69.6%; P = .0001) There were no adverse drug reactions reported in either cohort that received a penicillin or beta-lactam antibiotic in the 90 days after the oral challenge (Table 1) .
DISCUSSION
In this study, we have demonstrated the safety and efficacy of a pilot AMS-led oral penicillin challenge program, utilizing a structured selection criterion in a cohort of cancer patients that are often excluded from rechallenge due to active disease and medical complexity. There was no difference in oral challenge outcomes in those with or without cancer, considering that they were equally balanced apart from the expected increased median CCI in those with cancer. This program serves as a future model for an active antibiotic allergy de-labeling strategy, independent of formal allergy skin testing programs, in carefully selected recent or actively treated cancer patients.
Previous authors have demonstrated the utility of oral penicillin challenge programs, in particular among pediatric patients with nonimmediate reactions. Vezir et al. assessed 119 pediatric patients and reported a 96.6% de-labeling success rate after split-dose direct oral beta-lactam provocation. In a large pediatric cohort, Mill et al. reported a success rate of 94.1% with split-dose amoxicillin challenges. In a retrospective review, Tucker and colleagues demonstrated the safety of single-dose direct amoxicillin provocation (250 mg) in adult Marines with no significant medical history, reporting only a 1.5% reaction rate [6] . The safety of a split-dose oral rechallenge was confirmed by Confino-Cohen et al. in 642 adult patients [7] . Further, Iammatteo et al. demonstrated that only 2.6% of 155 patients with non-life-threatening penicillin allergies developed a mild allergic reaction after a 2-step graded challenge to amoxicillin [12] . Although all of these studies indicated that a supervised oral penicillin challenge program was safe and efficacious, the generalizability and widespread applicability of their results were limited by (1) being allergist-led; being confined to (2) outpatients only, (3) pediatric patients, or (4) nonimmunocompromised patients; and/or (5) having a splitdose challenge schedule.
Although this AMS-led oral penicillin challenge pilot program is limited by relatively small study numbers and a short follow-up period, it demonstrates the safety and value of an AMS-led single-dose oral penicillin challenge program in carefully selected immunocompromised patients. The higher number of inpatient challenges reflects the focus of AMS and infectious diseases teams to capture high-antibiotic usage patients. A higher number of inpatient challenges was noted in controls, likely reflective of the larger patient population being at Austin Health rather than the Peter MacCallum Cancer Centre. A further limitation is potential selection bias of patients chosen for oral challenge, although exclusion was primarily based on outlined exclusion criteria. All of our cancer patients had lowrisk and remote penicillin allergy labels preceding their cancer diagnosis. Structured programs to address allergy labels in cancer patients-in particular hematology patients, who have the highest antibiotic requirements-are likely to have the greatest benefit, reducing toxicity and antimicrobial resistance associated with penicillin allergy [13] [14] [15] . This approach to oral penicillin rechallenge using detailed selection criteria will prove valuable to health care facilities that do not have access to skin testing services and where the prevalence and impact of AALs is high, such as hematology units, where beta-lactam allergy prevalence is upwards of 35% [15] . The ability to identify patients with lowrisk penicillin allergies will also have the potential to encourage clinicians to utilize narrow-spectrum cephalosporins in these patients, where the risk of cross-reactivity is less than 2% [16] .
Future work lies in potential modifications to the criteria and procedure that enable increased utilization, such as the inclusion of patients with isolated historical urticaria and shortening the duration of observation, aiding case capture and work force implementation, respectively. Larger prospective health services studies are required to validate such low-risk selection criteria and examine the impact on antibiotic appropriateness and health care utilization costs. This will enable the wider implementation of simple point-of-care antibiotic allergy programs in cancer AMS programs.
